Renin is the rate-limiting enzyme of the reninangiotensin system (RAS). In addition to its enzymatic activity to generate angiotensin I, renin also signals through the (pro)renin receptor to exert angiotensin II-independent effects. In this study we examined the effect of renin inhibition on the development of diabetic nephropathy. Male DBA/2J mice were induced to diabetes with streptozotocin, and the diabetic mice were treated for 16 weeks with saline or aliskiren, a renin enzymatic inhibitor. Aliskiren treatment had little effects on blood glucose and blood pressure in diabetic mice. Saline-treated mice developed progressive albuminuria and glome-rulosclerosis, and aliskiren treatment effectively alleviated albumiuria and glomerulosclerosis. Morphologically aliskiren treatment prevented the thickening of the glomerular basement membrane and reduced podocyte loss. At the molecular levels, aliskiren prevented the decline of slit diaphragm proteins and blocked the synthesis of extracellular matrix and pro-fibrotic factors in the diabetic kidney. Aliskiren treatment results in compensatory renin increase in the glomeruli due to blockade of the negative feedback loop, and also partially suppressed the intracellular signaling mediated by the (pro)renin receptor activated in hyperglycemia. These observations suggest that the therapeutic activity of aliskiren to prevent diabetic renal injury is contributed by inhibition of both the angiotensin II-dependent and -independent pathways. Taken together, it is concluded that inhibition of renin enzymatic activity ameliorates diabetic renal injury in type 1 diabetes, and support the use of aliskiren in diabetes kidney disease.
INTRODUCTION
The renin-angiotensin system (RAS) is a major mediator of progressive renal injury. Renin is the rate-limiting enzyme of the RAS cascade, catalyzing the conversion of angiotensinogen to angiotenin (Ang) I. Ang I is converted by angiotensin-converting enzyme (ACE) to Ang II, the effector of the RAS. Renin and its precursor, prorenin, can also bind to and activate a membrane receptor, namely (pro)renin receptor. Binding of renin or prorenin to the receptor not only enhances the enzymatic activity of renin and prorenin, but also activates MAP kinases ERK1/2 pathway [1] .
Diabetic nephropathy is the most common renal complication of diabetes mellitus and a leading cause for endstage renal disease. The local RAS in the kidney plays a major damaging role in diabetic nephropathy. Intrarenal renin and angiotensinogen levels are elevated in diabetic animals [2, 3] , leading to an increase in intrarenal Ang II concentration. Ang II promotes the progression of renal injury via multiple pathways, including induction of oxidative stress and stimulation of profibrotic and proinflammatory factors and extracellular matrix proteins [4, 5] . These molecular pathways promote the development of proteinuria, glomerulosclerosis and tubulointerstitial fibrosis. On the other hand, renin may also induce renal injury in an Ang II-independent manner via activation of the (pro)renin receptor. For example, renin via binding to its receptor in mesangial cells stimulates the production of TGF- [6] , a potent pro-fibrotic factor.
Therefore, inhibition of renin may affect both the Ang II-dependent and -independent pathways.
Given the critical role of the RAS in diabetic kidney injury, inhibition of the RAS has been the mainstay therapy for diabetic nephropathy. Large clinical trials have demonstrated that ACE inhibitors and Ang II receptor blockers (ARBs) are able to attenuate the progression of nephropathy in diabetic patients [7] [8] [9] [10] [11] . Inhibition of renin with a decoy peptide or with vitamin D analogs has also been shown to block the development of diabetic nephropathy in diabetic animal models [12] [13] [14] . Aliskiren, the first renin inhibitor approved for clinical use, is a small molecule competitive inhibitor that specifically inhibits the enzymatic activity of rennin [15] . In clinical trials, aliskiren and losartan combination reduces albuminuria in type 2 diabetes patients, and the renoprotective effect appears to be independent of its blood-pressure-lowering effect [16, 17] . Given these observations in humans, however, the renoprotective mechanism of aliskiren remains elusive. In the present study we explored the renoprotective action of aliskiren using a type 1 diabetic mouse model. Our data suggest that aliskiren alone is able to ameliorate diabetic nephropathy by blockade of Ang IIdependent and (pro)renin receptor-dependent signal pathways.
MATERIALS AND METHODS

Animals and Treatment
Male DBA/2J mice, which are susceptible to hyperglycemia-induced renal injury, were used in this study. Eight-week old male DBA/2J mice (Jackson Laboratory, Bar Harbor, ME) were made diabetic by intraperitoneal (i.p.) injection of freshly prepared streptozotocin (STZ, dissolved in 10 mM citrate buffer, pH 4.2), given at a dose of 35 mg/kg/day for five consecutive days. Three weeks after STZ injection (week 0), the mice were randomly separated into two groups and treated with saline (vehicle) or aliskiren (25 mg/kg, i.p. injection, 3x/week; kindly provided by Novatis), respectively. This dose was chosen based on a previous dose-dependent study [18] . Non-diabetic mice served as control. Blood glucose levels were monitored with a glucometer (Bayer). Spot urine was collected at various time points, and urinary albumin and creatinine levels were determined using commercial kits as reported previously [19] . Blood pressure of the mice was measured at week 16 using the carotid artery cannulation method as described previously [20] . All mice were killed at 16 weeks following STZ treatment, and serum and kidneys were immediately harvested for analyses. The animal study protocols were approved by the Institutional Animal Care and Use Committee of the University of Chicago.
Histology and Immunostaining
Freshly dissected kidneys were fixed overnight with 4% formaldehyde in PBS (pH 7.2), processed, embedded in paraffin, and cut into 3-m sections. Renal sections were stained with periodic acid-Schiff (PAS). Semiquantitative scoring of glomerular sclerosis in PASstained kidney sections was performed using a five-grade method described previously [19, 21] . Immunostaining of kidney sections was carried out as described previously [19] .
Electron Microscopy
Tissue blocks of kidney cortex were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 and then post-fixed in 1% osmium tetroxide. Electron microscopic analyses and measurement of the GBM thickness were performed as described previously [14] .
Glomerular Purification
Mouse glomeruli were isolated based on a previously published method [22] . Briefly, after mice were perfused with deactivated Dynabeads M-450, the perfused kidneys were collected and cut into small pieces, which were ground on a 100-mesh sterile stainless sieve. The beadstrapping glomeruli were collected with a magnetic bar. After digestion with collagenase and washes, glomeruli were recollected with a magnetic bar. The purity of glomeruli obtained by this method was >95% with no renal tubule contamination. The purified glomeruli were used for RNA isolation or lysed for protein analyses.
Western Blot
Total kidney or purified glomeruli were homogenized in Laemmli buffer (Boston Bioproducts, Worcester, MA), followed by 5 min boiling and centrifugation to obtain the supernatant. Protein concentrations were determined using a BioRad Protein Assay kit (BioRad, Hercules, CA). Proteins were separated by SDS-PAGE and transferred onto Immobilon membranes. Western blotting was carried out as previously described [23] .
RT-PCR
Total RNAs were isolated using TRIzol reagents (Invitrogen, Carlsbad, CA). First-strand cDNAs were synthesized from 2 g of total RNAs in 20 l reaction using MML-V reverse transcriptase (Invitrogen) and hexanucleotide random primers. The first strand cDNAs served as the template for PCR. Regular PCR was performed using a BioRad DNA Engine. Real time RT-PCR quantification was carried out in an Applied Biosystems 7900 Real Time PCR System using a SYBR green PCR reagent kit (Applied Biosystems, Foster City, CA) as de-scribed previously [19] . GAPDH and -2 microglobulin (B2M) served as the internal controls. The PCR primers used in this study were as described previously [13, 19] .
Statistical Analysis
Data values were presented as means  SEM. Statistical comparisons were made using two-tailed unpaired Student's t-test and Mann-Whitney U test, with P < 0.05 being considered statistically significant.
RESULTS
Three weeks after STZ treatment (week 0), the mice were randomized into 2 groups (n = 7 in each group) and treated respectively with saline or aliskiren for 16 weeks. Blood glucose levels in diabetic mice rose to above 300 mg/dl within three weeks of STZ treatment and continued to rise over time to >600 mg/dl, and aliskiren treatment had no effects on blood glucose levels ( Table 1) . These mice survived relatively well through the experimental period without the need of insulin supplementation. The diabetic mice were mostly normotensive. At the end of the treatment (week 16), the mean blood pressure of aliskiren-treated diabetic mice was slightly lower compared to untreated diabetic mice, but the difference was not statistically significant ( Table 1) . Thus aliskiren did not significantly affect glucose metabolism or blood pressure in this animal model.
In contrast to the non-diabetic mice, all STZ-treated mice failed to gain weight during the 19-week experimental period, regardless of treatment with saline vehicle or aliskiren (Figure 1(a) ). As expected, vehicle treated diabetic mice developed progressive albuminuria, with the urinary albumin to creatinine ratio (ACR) increased by more than 6-fold over the baseline at week 16. Aliskiren treatment effectively blocked the increase in ACR in the entire treatment period (Figure 1(b) ). Serum creatinine and BUN levels were significantly increased in the vehicle treated diabetic mice, and aliskiren virtually normalized these serum parameters (Figures 1(c)  and (d) ).
Diabetic renal injury usually accompanies podocyte loss. Immunostaining with podocyte-specific anti-WT1 antibody showed that WT1-positive cells were markedly reduced in the glomerulus in vehicle-treated diabetic mice compared to non-diabetic mice, and aliskiren treatment significantly prevented the loss of glomerular WT1-positive cells (Figures 2(a) and (b) ). Electron microscopic examination revealed that, compared to the non-diabetic control, the vehicle-treated diabetic mice had a marked increase in the thickness of the glomerular basement membrane (GBM), a marker of impaired glomerular filtration, and aliskiren treatment prevented the thickening of GBM (Figures 2(c) and (d) ). The slit diaphragm controls protein filtration through the glomerular filtration barrier. We quantified expression of several key proteins involved in the formation of the slit diaphragm by real time RT-PCR. Relative to the non-diabetic control, mRNA levels of ZO-1, Neph-1, nephrin and FAT-1 were significantly reduced in vehicle treated diabetic mice, and aliskiren effectively prevented the decline of ZO-1, Neph-1 and FAT-1 (Figure 2(e) ).
As expected, vehicle treated diabetic mice developed glomerulosclerosis at week 16, with marked accumulation of extracellular matrix (ECM) in the mesangium. Aliskiren treatment significantly attenuated glomerulosclerosis and reduced the glomerulosclerotic score (Figures 3(a) and (b) ). Consistently, the mRNA and protein levels of fibronectin (FN), a key ECM protein, were markedly enhanced in vehicle treated diabetic mice compared to non-diabetic mice, as assessed by real time qRT-PCR (Figure 3(c) ), Western blotting (Figure 3(d) ) and immunostaining (Figure 3(e) ). The increase in FN transcript and protein levels was attenuated in aliskirentreated mice (Figures 3(c)-(e) ). Similarly, levels of profibrotic factors TGF-, VEGF and CTGF in the kidney were induced in vehicle-treated diabetic mice, and aliskiren significantly blocked the expression of TGF- (Figure 3(f) ).
We also examined the components of the RAS in the purified glomeruli at week 16, including renin, (pro)renin receptor, ACE, angiotensinogen and AT1 receptor. As shown in Figure 4 , there was a moderate increase in renin expression in vehicle-treated diabetic mice relative to non-diabetic controls at both mRNA (Figure 4(a) ) and protein levels (Figures 4(a) and (c) ), and renin was further increased to a much higher levels in aliskiren-treated mice (Figures 4(a)-(c) ), due to a compensatory increase # P < 0.05; ## P < 0.01, ### P < 0.001 vs. ND control; * P < 0.05, ** P < 0.01, *** P < 0.001 vs. vehicle; n = 6 -7.
as a result of blockade of negative feedback regulation [24, 25] . Angiotensinogen was highly induced in vehicle-treated diabetic mice, which was attenuated by aliskiren treatment (Figure 4(a) ). The other RAS components (renin receptor, ACE and AT1 receptor) were only moderately or not altered in vehicle-or aliskiren-treated diabetic mice relative to the non-diabetic control (Figures 4(a)-(c) ).
To address whether aliskiren blocked the (pro)renin receptor-mediated signaling, we examined ERK1/2 phosphorylation in the glomerular lysates. ERK activation was the best known signaling pathway of (pro)renin receptor activation [1] . ERK1/2 phosphorylation was increased in vehicle-treated diabetic mice, indicating the activation of the ERK1/2 pathway in diabetic state. Aliskiren partially suppressed ERK1/2 phosphorylation (Figures 4(d) and (e) ), suggesting that this drug reduced diabetic renal injury in part by inhibiting the ERK signaling pathway activated by renin via the (pro)renin receptor.
DISCUSSION
The local RAS plays a key role in diabetic renal com- plications. Ang II, the central effector of the RAS, activates multiple pathways in the kidney to induce renal injury [5] . Inhibition of Ang II production with ACE inhibitors and blockade of AT1 receptor with ARBs have been shown to ameliorate diabetic nephropathy in animals and humans [7] [8] [9] [10] [11] . In this report we demonstrated that inhibition of renin activity with aliskiren alleviated diabetic renal injury, confirming the critical role of the reninangiotensin cascade in the development of diabetic nephropathy. Aliskiren markedly suppressed albuminuria, prevented podocyte loss, improved glomerular filtration barrier structure and reduced glomerulosclerosis in diabetic mice. As aliskiren did not alter blood glucose levels, the therapeutic effect is unlikely by improving hyperglycemia. Aliskiren slightly lowered blood pressure in diabetic mice, but the effect was not statistically significant. This is consistent with previous observation that aliskiren does not alter blood pressure in normotensive subjects [26] (STZ-induced diabetic mice were normotensive). Previous studies suggest that aliskiren can protect the kidney through both blood pressure-dependent and -in- dependent mechanisms [16, 17, 27] ; therefore, it is possible that in this model aliskiren protects the kidney by targeting the local intrarenal RAS as well as by altering renal hemodynamics. Further studies are needed to clarify this issue.
Renin is the rate-limiting enzyme of the RAS cascade. As such, it is considered as an ideal drug target for RAS blockade. The development of direct renin inhibitors (e.g. aliskiren), however, is much slower than that of ACE inhibitors and AT1 receptor blockers [25] . Whether aliskiren is therapeutically better than ACE inhibitors or ARBs remains to be determined. Blockade of the RAS with all these RAS inhibitors inevitably disrupts the negative feedback loop that is critical for maintaining renin homeostasis, leading to compensatory induction of renin [28] . In fact, renin induction was considered as an excellent indicator for aliskiren actions [29] . In this study, we observed a clear and dramatic renin induction by aliskiren, but not reduction of (pro)renin receptor as reported previously in transgenic rats [27] . Aliskiren induction of renin is known to be more profound compared to ARBs [29] , thus it is interesting to compare the renoprotective efficacy between aliskiren and ACE inhibitors or ARBs in future studies. In addition to converting angiotensinogen to Ang I, renin and prorenin can activate the (pro)renin receptor [1] and induce intracellular ERK phosphorylation independent of Ang II. This pathway has been shown to promote TGF- production [6] . Prorenin is usually converted to the enzymatically active renin via proteolytic cleavage of the prosegment; however, binding of prorenin to the (pro)renin receptor causes a conformation change that leads to nonproteolytic activation of prorenin, which also promotes Ang I production. Intrarenal renin and prorenin are induced in hyperglycemia and diabetes [2, 3] . When exposed to high glucose, mesangial cells and podocytes can increase renin production [30] [31] [32] . As inhibition of renin ameliorates diabetic nephropathy, one interesting question is which of these two renin pathways is responsible for renal damage. We have demonstrated that vitamin D analogs inhibit the development of diabetic nephropathy by targeting the intrarenal RAS [13, 14] ; however, because vitamin D suppresses renin gene expression [20, Copyright © 2012 SciRes.
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33], those studies cannot distinguish the effect of these two renin pathways. Ichihara et al. used a decoy peptide corresponding to the "handle" region to block nonproteolytic activation of prorenin, and found that this competition inhibited diabetic nephropathy [34] . This peptide actually blocks the Ang II-dependent pathway of prorenin. Feldman et al. showed that aliskiren treatment of transgenic Ren-2 rats led to reduction in blood pressure and albuminuria [27] , whereas Feldt et al. demonstrated that aliskiren could not inhibit (pro)renin receptor-mediated ERK1/2 activation in cell cultures [35] . Here our data from this study showed that aliskiren partially inhibited the (pro)renin receptor-mediated ERK1/2 activation in the glomerulus. These data suggest that aliskiren protects the kidney from diabetic injury by inhibition of both the Ang II-dependent and -independent pathways of renin activities. The Ang II-dependent pathway signals through the AT1 receptor, and the Ang II-independent pathway is mediated by the (pro)renin receptor and transduces via ERK phosphorylation. Given the broad functionalities of the RAS, drugs that target the RAS have a wide range of therapeutic potentials. As the first direct renin inhibitor approved for clinical use, interests in the therapeutic capacities of aliskiren are rising. In this context, demonstration of renoprotective effects of aliskiren in diabetic nephropathy has important clinical implications. Taken together, this study demonstrates that blockade of renin activity ameliorates diabetic renal injury in a diabetic animal model, reaffirming the critical role of the RAS in the development of diabetic nephropathy. The renal protective actions of aliskiren appear to be dependent on both the Ang II-dependent pathway and the (pro)-renin receptor-mediated pathway.
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